Abstract
The dissociative chemisorption of water on rigid Ni(111) is investigated using a quasi-classical trajectory method on a nine-dimensional global potential energy surface based on a faithful permutation invariant fit of ~25,000 density functional theory points. This full-dimensional model not only confirms the validity of our earlier reduced-dimensional model with six degrees of freedom, but also allows the examination of the influence of impact sites and incident angles. It is shown that the reactivity depends on the site of impact in a complex fashion controlled by the topography of the potential energy surface, rather than the barrier height alone. In addition, the reaction is promoted by momenta both parallel and perpendicular to the surface, as predicted by the recently proposed Sudden Vector Projection model. experiments have been instrumental in revealing non-statistical dynamics such as mode specificity and bond selectivity. [8] [9] [10] [11] [12] [13] [14] [15] [16] However, theoretical understanding of these state-of-the-art experiments is still lagging. [3, 7] One of the major stumbling blocks is the lack of accurate high-dimensional global potential energy surfaces (PESs) for the molecule-surface interaction. Despite many efforts, [16] [17] [18] [19] [20] [21] most of the existing PESs either ignore the surface periodicity and/or the permutation symmetry of identical atoms in the molecule, or lack high accuracy and global smoothness.
Although the ab initio molecule dynamics (AIMD) approach, which requires no PES, has been employed to study the dynamics, [22, 23] it is still too expensive to compute sticking coefficients as low as 10 -6 measured in many experiments. Consequently, accurate and efficient global PESs with correct symmetry properties suitable for quasi-classical trajectory (QCT) and/or quantum dynamical (QD) calculations are highly desired for polyatomic dissociative chemisorption processes.
In this Letter, we focus on the dissociative chemisorption of water on Ni(111), which is an essential step in many industrial processes such as steam reforming and the water-gas shift reaction. [24, 25] Very recently, the first quantum-state resolved experiment on the dissociative chemisorption of D 2 O on Ni(111) has been reported, [16] revealing a strong enhancement of reactivity by exciting the anti-symmetric stretch (v 3 ) of D 2 O. The mode specificity was semi-quantitatively understood using our six-dimensional (6D) quantum model, [16, 19, 26] which neglects two lateral surface coordinates and the azimuthal angle. However, many uncertainties remain. For example, the validity of this reduced-dimensional model in describing the mode specificity has not been established. Nor is it clear how the impact site and angles of the incident molecule affect the dissociation. To achieve a better understanding, we report here the first globally accurate PES in full nine dimensions (9D) for water dissociative chemisorption on the rigid Ni(111) surface.
Since a fully coupled 9D quantum treatment of this system is still formidable, we report here a QCT study of D 2 O dissociative chemisorption on this PES to shed light on the site and angle dependences of the dynamics for this important reaction.
To develop the 9D PES, spin-polarized plane-wave density functional theory (DFT) calculations were performed using the Vienna Ab initio Simulation Package (VASP). [27, 28] The Ni(111) surface is represented by a slab model with a 3×3 unit cell and four Ni layers. The top two layers are optimized without the adsorbate and kept in their equilibrium positions. The interaction between the ionic cores and electrons was represented by the projector-augmented wave (PAW) method [29] with a kinetic energy cutoff at 350 eV. The Brillouin zone was sampled using
Monkhorst-Pack scheme and a 3×3×1 k-points grid mesh. [30] The generalized gradient approximation (GGA) was used to treat the electron exchange-correlation effects, [31] with the Perdew-Wang (PW91) functional. [32] More details about the DFT calculations and additional results can be found in our recent work [16, 33] and in Supporting Material (SM).
To provide an analytical representation of the DFT points, the recently proposed permutationally invariant polynomial-neural network (PIP-NN) fitting approach was used, which guarantees the surface and permutation symmetries intrinsic in the system. [34] In the PIP-NN approach for gas phase species, the symmetry functions in the form of low-order PIPs [35] serve as the input layer of the NN. [36, 37] A similar strategy can be used for molecule-surface interaction PESs when the PIPs are defined in terms of functions with surface periodicity. [34] The efficiency and accuracy of the PIP-NN approach has been recently demonstrated for the H 2 /Ag(111) system. [38] To reduce the complexity of the PES, an approximate C 6v symmetry is assumed for the fcc and hcp hollow sites, which thus become indistinguishable in the PES. This is a reasonable approximation for the (111) metal surface due to the small energy differences between the two sites. [39] With this approximation, the primitive symmetry functions are defined as follows:
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where i=0, 1, 2, and 3 are for the center of mass (COM) of H 2 O, H, H, and O atoms, respectively. The z-dependent terms in Eqs.
(1-2) are needed to guarantee the flatness of the asymptotic potential at large z values. In addition, the following terms of the internuclear distances for H 2 O are also needed: 13 12 exp( 14 13 exp( 15 23 exp(
As discussed previously, [34] these 15 primitive symmetry functions intrinsically include the C 6v symmetry of the (111) surface, and the permutation symmetry of the two H atoms is further provided by PIPs of G 4 -G 15 , resulting in 21 symmetric functions for the input layer of the NN, as detailed in SM. To sample the configuration space, we started from a set of initial geometries mainly selected along the reaction pathway with low energies, then fit these points to a primitive PES using the PIP-NN method with fewer neurons. [34] Classical trajectories were launched on this PES to generate more points, from which those satisfying both energy and geometry criteria (see SM) were added to the data set. The enlarged data set is then used to generate the next generation of the PES using the same fitting procedure with more neurons. This procedure was iterated until few new points can be added and the reaction probability becomes converged. More details of the PIP-NN fitting and sampling strategy can be found in our recent work [34, 38] and in SM.
A total of 25,383 points was collected. They were divided randomly into the data (90%), validation (5%) and test (5%) sets to avoid over-fitting, and fit with an NN with 40 and 60 neurons in the first and second hidden layers, yielding 3401 parameters in total. The final PES is an average of the best three fits, leading to the overall root mean square error (RMSE) of 0.02 eV. This unprecedented fitting accuracy, which is considerably better than those reported in previous polyatomic-surface PESs, [16, 18, 19, 40] reflects the prowess of the PIP-NN approach.
More details in SM demonstrate the accuracy and convergence of the PES.
QCT calculations were performed on the 9D PES using a modified VENUS program [41] to study the dissociation dynamics. [38, 42] Å. Since the surface lattice effects [7] were not included in the present calculations, a direct comparison with experimental sticking coefficients was not attempted. The mode specificity, nonetheless, is not expected to change much when the lattice effects are included, as found in previous studies. [16, 40] With this 9D PES, it becomes possible to explore the dependence of reactivity on surface sites, which is infeasible on the previous 6D model. [16] Figure 1a shows barrier heights as the molecular COM is fixed at different sites in the (111) dissociation fixed at the top, bridge, and hcp sites, respectively. These contour plots not only confirm the global smoothness of the PES, but also highlight the differences of the potential topography at different sites. Although the top site has a lower barrier height, interestingly, it has a tight saddle point lying almost perpendicular to the approaching coordinate z 0 , resulting in a very small reaction probability due to the ineffectiveness in converting the incident energy to overcome the barrier. On the other hand, the barriers at the bridge and hcp sites are higher but much looser, which might contribute to the overall reactivity at high energies despite the higher barrier. To validate this point, we analyzed the initial lateral positions of the reactive trajectories in normal incidence at different translational energies and the results are displayed in Figure 2 . At E t =14 kcal/mol, which is just above the vibrationally adiabatic barrier, the reactive trajectories are mostly located near the center of the triangle, i.e. where the dissociation probability on the top site is 100 times smaller than that on other sites. [44] These observations suggest that the simple energy shifting site-average model [23, 45] used in many previous studies may not be quantitatively accurate. A more rigorous treatment is to average fixed-site reaction probabilities on multiple high symmetric sites, as done recently for H 2 /Cu(111) [46] and HCl/Au(111). [44] In Figure 3a 
t t E P E v P − is the translational energy difference at a given dissociation probability for the ground and excited vibrational states, [9] is found to depend on translational energy. For example, η for the symmetric stretching (v 1 ), bending (v 2 ), and anti-symmetric stretching (v 3 ) modes range from 1.50~1.85, 1.19-1.46, and 1.40~1.60, respectively, all larger than unity.
These results are in general accord with previously reported 6D QD results, [16] and those obtained in QCT calculations using the original PW91 6D PES, as also shown in Figures 3a-3b , but the 6D QCT results appear to underestimate the v 1 efficacy while overestimate that for the v 2 mode. We note that QD probabilities are generally consistent with QCT contourparts using the same 6D PES (See Fig. S6 in SM) . The results in Figure 3 confirm that the 6D model represents a semi-quantitative approximation of the dissociative chemisorption.
The mode specificity observed in both 9D and 6D calculations can be readily understood by the recently proposed Sudden Vector Projection (SVP) model, [40, [47] [48] [49] which assumes that the reaction occurs instantaneously prior to any intramolecular vibrational energy redistribution (IVR) in the impinging molecule. This is a reasonable approximation for water or methane, [23, 50] which has a sparse density of states. In this sudden limit, the enhancement of reactivity of a reactant mode is related to its coupling with the reaction coordinate at the transition state, which is estimated in the SVP model by the projection of the reactant mode vector ( i Q r ) onto the reaction coordinate vector at the transition state ( RC Q r ), denoted as
. As discussed in our recent SVP studies, [33] both stretching modes of water have identical SVP values ( i P =0.67), which are larger than that ( i P =0.24) for translation along the surface normal, consistent with the results reported here. The effect of bending mode seems to be underestimated in SVP model, due presumably to its much smaller frequencies allowing faster IVR. [49] Interestingly, the SVP model also predicted a dependence of reactivity on the incident angles. [33] The translational vectors parallel to the surface were found to have non-negligible overlaps with the reaction coordinate vector ( i P =0.03/0.14), comparing to i P =0.24 of that along the surface normal. To investigate the effect of the incident angles on the reaction probability, we carried out two types of simulations at three experiment nozzle temperatures. [16] In our simulations, the vibrational and rotational modes of D 2 O are thermalized at the nozzle temperature and 22 K, respectively. In the first set of simulations, the total translational energy E t is fixed to the experimental value, and the incident angle θ is scanned from 0° (surface normal) to 60 o . It is shown in Figure 4a that the reaction probability decreases with the increase of the incident angle (and the decrease of normal incident energy). This indicates that the translational energy along the surface normal promotes the reaction, consistent with the SVP prediction of its large projection onto the reaction coordinate. In the second set of calculations, the normal component of the incident energy E n =E t cos 2 (θ)
is fixed as the angle varied. As shown in Figure 4b , the reaction probability is found to increase gradually with the increasing incident angle from θ=0 o to 45 o , but level off at 60 o . Interestingly, the enhancement of the translational energy along the surface plane is higher at lower nozzle temperatures. For example, the dissociation probability at 573 K is about nine times greater at θ=60° than that at normal incidence. These results underscore a small but significant influence of the translation energy parallel to the surface. The situation here is similar to the deviation from the normal scaling in methane dissociative sticking on Ni(100), [51] which was also predicted by the SVP model. [23] To summarize, we report here a 9D global PES based on a PIP-NN fit of a large number of DFT points for water on Ni(111). This 9D PES allows the study of the influence of not only the internal degrees of freedom, but also the effects of impact sites and incident angles. QCT calculations confirmed the mode specificity in the dissociative chemisorption of D 2 O observed in a recent experiment [16] and validated our reduced-dimensional model. [16, 19, 20] These results also uncovered the influence of the reaction path topography at different impact sites and substantial roles played by translational energy both parallel and perpendicular to the surface.
The dependence of the reactant modes and incident angles can be rationalized by the SVP model, underscoring the importance of the reaction coordinate at the transition state. The present PIP-NN approach is systematic and applicable to high-dimensional PES construction for surface reactions, which is expected to stimulate future experimental and theoretical studies towards a quantitative understanding of multidimensional surface reaction dynamics. 
